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Abstract. Handling the heat and particle exhaust in large tokamaks is one of the most
challenging problems of fusion research. The concept of a snowflake (SF) divertor offers a
possible path to reducing both steady-state and intermittent heat loads on the divertor plates
to an acceptable level. The most important feature of a SF divertor is the presence of a large
zone of a very weak poloidal magnetic field around the poloidal field (PF) null. This paper
summarizes recent progress in the theory of a snowflake divertor. Qualitative explanation
of a variety of new features characteristic of a SF divertor is provided based on simple
scaling relations. The main part of the paper is focused on the spreading of the heat flux by
curvature-driven convection near the poloidal field null. References to experimental results
from the NSTX and TCV tokamaks are provided.

1. Introduction

A significant fraction (~ 20%) of the power released in the burning plasma core of a reactor-
tokamak will have to be accommodated on the surfaces facing the plasma [1, 2]. This will be
accomplished by creating a magnetic divertor configuration with a poloidal field (PF) null (or two
nulls). The presence of the null leads to formation of the magnetic separatrix, which separates the
closed magnetic flux surfaces in the confinement zone from the open flux surfaces beyond the
confinement zone. After crossing the separatrix, the plasma is lost to the material surfaces that
intersect the open field lines. Because the parallel plasma transport along the field lines is much
faster than perpendicular transport, the plasma layer outside the separatrix, the so-called scrape-
off layer (SOL), is quite narrow compared to the plasma minor radius. The presence of the
separatrix allows control of the global plasma shape and prevents the plasma from contacting and
damaging the first wall of the confinement vessel. The plasma losses are “diverted” away from
the walls to the thermally and mechanically hardened surface of the divertor.

In order to increase the longevity of the divertor components, it is desirable to keep the
heat flux at the absorbing surfaces as low as possible. In this paper, we describe one of the
potential solutions of this problem, the so-called “snowflake divertor” [3]. We provide a broad
assessment of the concept using scaling relations and order-of-magnitude estimates. This
approach allows us to discuss all essential features of this configuration in a relatively short
paper. We do not discuss in detail experiments on two tokamaks, NSTX and TCV, where this
configuration has been studied, but briefly summarize the results and provide references to
relevant papers. Note that the summary of these experiments to date will appear in the
Proceedings of the 10" International Conference on Plasma-Surface Interactions, Aachen, May
2012 [4].



There exists a broad range of ideas related to possible improvements of the divertor
operation: a radiative divertor (Ref. [5] and references therein), a puff-and-pump divertor [6], a
super-X divertor based on increasing the major radius of the strike-point [7], to name a few; see
also the ARIES study [2]. In this paper, we focus on the snowflake divertor.

One of the most important observations made in the first publications on the snowflake
divertor [3, 8] was that this configuration can be created by the poloidal field (PF) coils situated at
large distances from the desired position of the null. This circumstance is still sometimes missed
in the assessment of the potentialities of a snowflake divertor, and the perceived need of PF coils
inside toroidal field (TF) coils is mentioned as its drawback (see, e.g., Ref. 9).

The characteristic scale for the required distance is the size of the confinement zone
inside the separatrix, which will be a few meters in the energy-producing facilities. This provides
enough space to install the PF coils not only outside the blanket, but also outside the TF coils.
The PF coil location outside TF coils is assumed in design studies [10, 11] of future tokamaks
with SF divertors.

The aforementioned misconception may be related to the fact that the SF configuration
can also be created by the coils situated very near the separatrix, as is the case for the spherical
torus NSTX [12]. But this example just shows the flexibility of the SF configuration, not that it
requires that the coils be close to the magnetic null.

In general, detailed experiments performed on two tokamaks, TCV (Lausanne) and
NSTX (Princeton) [12-18] have shown that the transition to a snowflake configuration on some of
the existing devices is possible even without any modifications of the hardware. The H-mode is
found to be fully compatible with this configuration, and the plasma parameters usually improved
compared to the standard case. Implementation of the snowflake did not lead to any significant
reduction of the volume of the confined plasma.

2. Geometrical features

The idea behind the snowflake configuration is to make not only the poloidal magnetic field, but
also its first spatial derivatives zero at a chosen point. The poloidal magnetic field strength near
the snowflake (SF) null varies as 7*, where r is the distance from the null. The structure of the flux
surfaces in the vicinity of the null is governed by the 2D Laplace equation for the flux function ®:

(1/7)@/0r)(rod® /dr)+(1/r*)(0°®/dp*) =0 where @ is a polar angle in the poloidal plane.
For the magnetic field varying as 7°, the flux function varies as 7, this leading to the following
equation determining the angular dependence of ®: 9°®/d@’>+9d =0, with a solution
@ o cos[3(¢ — @,)], where the angle ¢, depends on the orientation of the coordinate frame in the

poloidal plane. This solution leads to a characteristic hexagonal shape of the separatrix,
reminiscent of a snowflake (Fig. 1). Note that for the standard divertor, with the first-order null,

one has @ o r? | ’D/9p° +4P =0, and P x cos[2(p —@,)], with the four branches of the
separatrix intersecting at a right angle.

The poloidal field strength B,=IB,| near the snowflake null can be related to the poloidal
field in the midplane, B,,, as

Bp=Cprm(r/a)2~B (rla)*, (1)
where r is the distance from the null, ¢ is the minor radius, and the numerical coefficient C, of
order one depends on the details of the global geometry. In the further estimates and scaling
relations, we set C,=1.

Each flux surface can be characterized by its distance A from the separatrix in the
midplane. Flux conservation then implies that the distance r from this surface to the null in the
divertor region (Fig. 1) is related to A by
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where all the numerical coefficients are taken to be of order 1. Equations (1) and (2) are the basic
scaling relations that determine the properties of a snowflake.
Analogously, for the standard X-point configuration, one has:

B,=C,B, (rla)~B, (rla), r~a(Ala)". (3)

3. Effect on plasma confinement and exhaust
The distinct features of the snowflake configuration from the standpoint of plasma confinement
and exhaust stem from the presence of a region of very low poloidal magnetic field near the
magnetic null. The consequences are manifold.

First, due to the much lower PF strength, the flux expansion near the null becomes
significantly higher. This effect can be directly used to reduce heat flux in “open” divertors, of the
type used in the NSTX spherical torus. In this case, if the divertor floor is close to the null point,
one can fully exploit this stronger flux flaring. Such regimes have been successfully realized on
NSTX, where an easier transition to the detached plasma state and reduced amount of impurities
in the core have been recorded [12, 17, 18]. According to Eqgs. (2)-(3), the flux expansion for
a=200 cm and A=0.5 cm is 2-3 times larger for the SF divertor than for the standard one.

Second, the presence of a large zone of weak field leads to an increased connection length
between the midplane and the target. The connection length can be written as
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where the integration is performed along the poloidal field line, with length element d/ , and the
numbers “1” and “2” denoting the points in the midplane and on the divertor plate locations,
respectively. The presence of a small factor B, in the denominator leads to a significant increase
of the connection length compared to the standard divertor for flux surfaces with the same
distance A from the separatrix in the midplane [3, 8], Cf. Egs. (2)-(3). For the practically
important case of small A, the connection length scales as In(a/A) for the standard divertor and as
(a/A)'” for the snowflake divertor. The increased length causes dilation of the ELM (Edge
Localized Mode) heat pulse on its way from the midplane to the strike point [19].

Third, the specific volume of the flux-tube becomes significantly larger. For two nearby
flux surfaces enclosing a small poloidal flux @, the volume of the annulus is
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with the specific volume being 6V /0P . For a tokamak with a standard (not too small) aspect
ratio, the major radius and toroidal field experience only modest variation between the midplane
and strike point, so that one can approximately assume that B; and R are constant along the

2
integration path; also one has B;>>B,. With these assumptions, L= B, f dl/IB,|, and

oV /6®=2nR/B,)L, so that the specific volume is proportional to the connection length.

Therefore, the specific volume of flux tubes in the vicinity of the separatrix for the snowflake is
larger than for the standard divertor. The specific volume diverges faster for the snowflake than
for the standard divertor, (a/A)"? vs. In(a/A). The increased volume means that the radiation
power from the low poloidal field zone will significantly increase for the snowflake, especially
near the separatrix. This factor should have a favorable impact on divertor performance.
Indications that this effect is indeed present have been found in UEDGE simulations, Ref. [20].



Fourth, the magnetic safety factor ¢ just inside the separatrix increases substantially due
to the contribution of the low field region. It diverges as g A" vsa logarithmic divergence for

the standard divertor. Larger ¢ variation, in turn, means a significant increase of the magnetic
shear in the pedestal region that may lead to improved pedestal stability [21 - 23].

Fifth, the weakness of the poloidal field leads to substantially increased prompt ion losses
through the area surrounding the magnetic null. The prompt losses occur for trapped ions with
turning points in the vicinity of the magnetic null [24]. As the poloidal velocity of these ions
contains a factor By/By, their residence time in the vicinity of the null is very long. Then, for the
direction of the toroidal drift towards the null, these ions cross the separatrix and are lost. As was
shown in Ref. [25] the area around the null-point affected by this mechanism has a size

. B
d~ ag™”; s=&—T,/£, (6)
a B, VR

where p; is the ion gyroradius. For the standard null the loss zone is smaller, d ~ ag™” . For most
existing tokamaks, the difference between this estimate and Eq. (6) is of order of a factor of 3.

As this loss mechanism affects only the ions, it is expressly non-ambipolar and, as
pointed out in Ref. [26] it can control the radial electric field in the pedestal region, thereby
controlling the velocity shear and, potentially, the ELM activity. Further analysis is needed to
quantify the possible effect on ELMs, but it is certain that the effect will be stronger for the
snowflake.

Sixth, the strong local shearing of the magnetic field also leads to changed dynamics of
the plasma blob filaments [27] on the open field lines: the blob connectivity to the divertor plate
is reduced due to the stronger shear [28].

To summarize this section: the SF geometry has a strong impact on a number of
processes occurring in edge plasma, on both the closed and open flux surfaces. For the facilities
where a transition from the first-order null to the second-order null is possible this provides an
opportunity for studies of the processes affecting the plasma behavior at the edge. Most of the
effects associated with snowflake are favorable in terms of possible control over the pedestal
region and heat flux to the divertor plates.

4. The proximity condition

As was realized in the first assessments of a snowflake [3, 8], an exact snowflake configuration is
topologically unstable: if the PF coil current is even slightly different from the exact value, the
second-order null is split in two first-order nulls (Fig. 2). The distance D between the nulls is
small as long as the current is close to the exact value. The merging of the nulls can serve as a
basis for a control algorithm directed towards the generation of a snowflake (or near-snowflake),
Refs. 29, 30.

It is obvious that, if the distance D is “small-enough,” the properties of the configuration
are close to those of the exact snowflake. The question is how small is “small-enough.” In this
section we provide a systematic assessment of this issue. As it turns out, the answer depends on
which effect one is concerned with (flux flaring, prompt ion losses, etc.).

As shown in Ref. [29], if D is significantly smaller than the minor radius a, then the field
structure at a distance r satisfying D<r<a becomes essentially indistinguishable from an “exact
snowflake”, with six branches of the separatrix emerging from the zone where two nulls are
situated. One has to zoom in on the area of two split nulls to notice the difference. Then, if the
effects one is concerned with are determined by distances exceeding D, the configuration can be
considered a snowflake, with the scalings (1) and (2) being applicable.

Now we formulate this condition for each of the effects mentioned in Sec. 3.



For the flux expansion effect near the null, D should be less than the projected thickness
of the midplane SOL width determined by Eq. (2):.D <D

pansion = a(A / a)l/3 If one is interested
in some narrower sub-structure near the separatrix, one has to substitute its midplane width
instead of A in this relation. The same proximity condition holds when one has to evaluate three
other geometrical parameters: the connection length (4), the specific volume (5), and the safety
factor g.

For the flux surfaces inside the separatrix, the parameter A is the distance from the

separatrix in the midplane. For the problem of prompt ion losses, D must be smaller than the

distance d, Eq. (6), determining the volume affected by this loss channel, D < D = ae”” . For

prompt
blob connectivity, D must be smaller than the distance of the filament to the nulls. Finally, the
effects of a pressure-driven convection on open field lines discussed in the next section are
unaffected by finite D if the radius of the zone where f,is greater than unity exceeds D,

D<Dﬁ =r* , where r* is introduced in the next section (Eq. (7)). These results are
>

summarized in Table 1.

5. Curvature-driven plasma convection
The smallness of the poloidal field near the second-order null leads to the appearance of a zone
where the plasma pressure is much higher than the poloidal magnetic pressure. This zone can be
considered as that where the plasma equilibrium has to be provided by the toroidal field only (the
poloidal field is too small). However, it is well-known (e.g., [31]) that toroidal field alone can
only support equilibria where the pressure is a function of the major radius alone, which is
incompatible with the plasma pressure distribution near the PF null, where the pressure certainly
decreases in the downward direction.

As was pointed out in Ref. 32, the lack of an equilibrium leads to the onset of the plasma
convection in the zone where f,>>1 (Fig. 3). This zone is wide in the case of the snowflake: the

radius of the B, =1 contour is, according to Eq. (1), of order of
r=r*=a[3’“4 (7

pm?

where 5, =8mp/ Bjm is the poloidal beta in the midplane. For the standard null, the size of the

zone is significantly smaller,r* = a[)’lﬁ . We assume that the pressure inside the scrape-off layer

does not change appreciably between the midplane and the null-point region [33].

The velocity of the convective eddies (toroidally-symmetric rolls) can be evaluated from
the following consideration. The effective gravity force per unit volume, associated with the
toroidal curvature, is p/R; for the size of the zone lacking equilibrium r*, the kinetic energy
density acquired by the fluid element when crossing this zone is pr*/R, yielding the characteristic

element velocity of /pr*/pR , where p is the plasma density. The characteristic turn-over
frequency for a convective roll of size r* will be then w,, ~+/p/pr*R . One can note in

passing that w,,,, is of the same order of magnitude as the growth rate of the curvature-driven

flute instability. Using the estimate for the sound speed v ~/p/p, one can estimate the turn-

over frequency as @, ~V,/Nr*R . On the other hand, the transit time of the unperturbed

conv

plasma flow in the vicinity of the null-point region is 7, ~ (a2 /vr *)(BT / Bpm) . The product

Doy T fiow ™~ (a Ir *)3/2 val/R (BT / Bpm) is always very large compared to unity, meaning that the

convection spreads the flowing plasma over the whole convection zone before the plasma reaches
the target.



One therefore arrives at the following scenario for snowflake divertor operation in a
steady-state mode: The plasma continuously diffuses across the separatrix to the SOL and flows
along the open field lines to the divertor targets. In the area of a very high beta near the PF null,
the plasma experiences intense convective spreading over a wide area of weak magnetic field that
is connected to all four divertor legs (Fig. 3). The plasma flow continues along each leg to the
divertor target. The magnetic flux intercepted by each leg corresponds to the distance r~r* from
the null. When projected to the midplane SOL this flux corresponds to the distance

% % 3 " 3/4 .
A*~a(r*/a) ~af,, from the separatrix.

For a numerical example (Table 2) we consider an ITER-scale generic tokamak: R=5 m,
a=2m, B;=5T, B,,=0.8 T, with the SOL plasma parameters n=5x10"* cm™, T,=T=50 eV, and the
SOL width in the equatorial plane A=0.7 cm. We see that the distance A* is indeed greater than
the anticipated SOL width. In other words, the heat flux is distributed among four divertor legs,
and in each leg the width of a plasma channel is significantly broader (by a factor ~ A*/A) than it
would be without convective spreading.

The convective spreading could exist for the standard X-point (standard null, SN)
divertor as well, but it would encompass only a much narrower area near the null and, therefore,
would not lead to any substantial spreading of the heat flux. The comparison of the two divertors
is provided in Table 2. One sees that the broadening of the wetted area on the target
characterized by the parameter A* is significant for the snowflake and relatively insignificant for
the standard divertor.

The eventual heat flux on the divertor target is also affected by the location of the target
downstream of the PF null, the target tilt with respect to the poloidal field and, most importantly,
by the attainment of detachment [12, 17, 18]. Experimentally, the detachment occurs more easily
in the snowflake than in the standard divertor, possibly due to the stronger reduction of the pre-
detachment heat flux and the larger wetted area [18]. Similar conclusions have been made in the
FAST design study [10]. A large spreading of the heat flux by the aforementioned mechanism
should be a favorable factor in facilitating plasma detachment.

6. Significant reduction of the target heating during ELMs

As pointed out in Ref. [32], the broadening of the wetted area and activating all 4 snowflake
strike points has particularly strong effect on the reduction of the heat flux on the target plates
during ELM events. This broadening is due to the transient pressure increase in the SOL after
ejection of particles and heat from the core plasma during ELMs. Increased pressure, in turn,
leads to the increase of the parameter f,, and the corresponding increase of the size of the
convection zone r*. The area over which the heat is spread during the ELM can therefore be
significantly larger than that during the inter-ELM stage.

Further reduction of the target surface temperature increase during an ELM is caused by
the temporal dilation of the heat pulse [19]. The lengthening of the heat pulse is related to the
larger connection length. Simulations with the UEDGE code that include both convective and
conductive losses [19] indicate that this effect can be substantial. Delays in the arrival of the ELM
heat pulse on the target plates have been experimentally observed on the TCV facility [34].

On large tokamaks, a non-negligible amount of the ELM energy can be delivered by
weakly collisional fast electrons. Their propagation to the target, in the case of formation of the
convection zone, may be affected by tangling of the poloidal field in the convective zone. No
quantitative estimates of such an effect are, however, available at present.

7. The snowflake divertor for a power reactor

Based on the results presented in sections 5 and 6, one can suggest a hypothetical scheme for a
snowflake divertor in a future power reactor. There is a variety of such reactors assessed over the
years, from conventional modest-aspect-ratio tokamaks to spherical tori. For our conceptual



assessment we have chosen a more conservative version, with the same geometrical parameters as
those mentioned in Sec. 5 and Table 2. For a 1 GW(e) fusion power plant, the exhaust power that
will have to be accommodated inside the vacuum chamber will be W,,,~500 MW [2]. Of that,
~100 MW would be radiated from the fusion plasma and spread uniformly over the walls, so that
divertor would have to accommodate the power W,,~400 MW. If the allowable power load per
unit surface area on the divertor target is P, then the required wetted surface has to be W,,/P. To
allow for some margin, we assume that P=5 MW/m’, not 10 MW/m” considered usually as an
upper bound for the manageable heat load. Then, the required surface area is 80 m’.

We suggest using a divertor that would allow for the convective spreading of the plasma
flow at some distance from the targets. This will then be a volume without internal barriers. The
overall geometry of the targets would be as in Fig. 4. Assuming that convection spreads the heat
uniformly between all four targets, we find that the width % of a wetted zone on each target has to
be h=(1/2aR)W,, /4P), where the factor “4” in the denominator accounts for the presence

of four strike points. For the aforementioned numerical parameters, this will be approximately 60
cm. A single divertor is envisaged, at the bottom of the confinement zone. The second divertor on
the top would allow reduction of heat loads by an additional factor ~ 2, but we do not consider
this option here.

The targets would be situated outside the convection zone, in the area where flux
recompression begins, and the flow again acquires an organized form, as shown qualitatively in
Fig. 4. The radius of the convective zone, as estimated in Sec. 5 and illustrated in Table 2, will be
~50 cm. Placing the targets at the distance 1.5 times further from the null-point would already
make /)’p on the targets ~ 1/5, i.e., significantly less than 1.

The distance of 75 cm from the PF null to the targets is sufficient to accommodate four
target plates with the wetted zone of 60 cm on each of the plates. The poloidal field strength at the

target, for r=1.5r*, will be 2.25B"2B . For the parameters of Table 2, this poloidal field will be

pm™~ pm

B;/50. Therefore, the ratio of B,/B; on the target which determines the intersection angle between
the plate surface and the field lines, remains greater than 1 degree, and thus larger than the
minimum value compatible with the technological limit from target plate alignment [35].
Detachment in the open SF divertor geometry has been studied on the NSTX facility and was
found to occur easier than in the standard-null divertor due, probably, to a much stronger flux
expansion. Numerical simulations mentioned in Sec. 5 seem to support this conclusion [10, 18].
The SF divertor is compatible with other techniques of the heat load mitigation, like impurity
seeding [36].

Discussion above just delineates the possible characteristics of the snowflake divertor
parameters. Further, more detailed studies should address issues of the optimum shape of the
targets, location and structure of the pumping ports, helium pumping and other issues, to reach
the level of detail even distantly approaching the one attained in the ITER divertor design [37].

8. Summary and discussion

The transition from a first-order magnetic null to a second-order null leads to profound changes in
the plasma behavior in the divertor region. If one wants to identify the single most important
cause of these changes, it is the formation of a large zone of a very weak poloidal magnetic field
around the null point. The weak-field region leads to a variety of effects, some of which can
control the plasma behavior inside the separatrix (like the increased magnetic shear and prompt
ion losses from the pedestal region), whereas the other lead to significant decrease of the heat flux
to the divertor outside the separatrix (strong convection spreading of the plasma, activation of
four strike points, and temporal dilation of ELM heat flux). Many of these effects have been
found in experiments on the NSTX and TCV experimental facilities.



Specifics of the snowflake divertor physics, when applied to a standard aspect ratio
fusion reactor, favor a divertor without internal barriers that might hinder the convective
spreading. Even for rather conservative assumptions regarding the allowable heat load (5
MW/m?) the divertor may be relatively compact. It has to be emphasized that the PF coils for this
divertor would be situated outside the TF coils.

For fusion facilities based on spherical tokamaks, a better configuration for the SF
divertor could be geometrically open divertor without close-fitting side walls that could utilize the
strong flux expansion at the divertor targets and an easier transition to detached regimes as
discovered experimentally on the NSTX facility [11, 17].
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Table 1 Conditions for an “approximate” snowflake to be close to an “exact” one.

Effect or parameter

Proximity constraint

Flux expansion;

173

Connection length; _
Specific volume; D < Desginsion = a(A / a)
Magnetic shear;
Blob connectivity.
Prompt ion loss
_ 2l o, B, |a
D<Dpr0mpt =da€E €=—IB— E
a pm
Plasma convection D< Dﬁ =r*
P
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Table 2. Comparison of the curvature-driven convection in a snowflake and in a standard

divertor®.

Snowflake Standard
The size of a
strongly D*=a(/3,,,,,)1/4 47 cm D>*<:a([5pm)”2 11 cm
convective zone
Turn-over time (Bow)"(aR)""/c, 22 us (Bom)"*(aR)""Ic, 11 us
I?arallel transit (By/B,,)x (alc,) 760 us (B,/B,,)x (alc,) 180 us
time (a/D*)
Affected width A*~a(D*/a)’ 2.6 cm>A A*~a(D*a)? 6 mm <A
projected to the
midplane

& Device parameters: R=500 cm, a=200 cm, B,=5T,B,,=0.8 T; parameters of the
midplane SOL: n=5x10" cm™, T,=T=50 eV, f3,,~3x107, ¢;=7x10° cm/s, A=0.7 cm.
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Figure 1. The shape of separatrix in the vicinity of the poloidal field null for the snowflake
divertor (left) and standard divertor (right). Shown by a bold line is a separatrix; thin line
represents an adjacent flux surface. The confinement region is in both cases situated in a sector
pointing upward. Note that in the case of a snowflake there are four branches of the separatrix
pointing downward, so that one can have four strike points in the divertor.

Figure 2. The snowflake-minus (left) and snowflake-plus (right) that appear instead of an exact
snowflake if the currents in the divertor coil deviate from those needed to produce an exact
snowflake. Two closely-spaced first-order nulls appear. Typically, if the current is lower (higher)
than the “exact” value, a snowflake-minus (snowflake-plus) appear, whence the naming
convention. In the snowflake-minus case, the secondary separatrix (blue) encloses the main one
(red).
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Figure 3. Convection driven by the toroidal curvature causes spreading of the plasma between all
four strike points and broadening of the wetted area.
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Confinement
Zone

igure 4. Schematic of a convective snowflake divertor. The radius r* of a convective zone is 1.
F 4. Sch tic of t flake divertor. The rad * of t 1.5

times smaller than the distance r, from the null to the targets, meaning that ,on the targets is
approximately 0.2.
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